Gold nanoparticles (AuNPs) with sizes between 3 and 10 nm were firmly supported on pristine multi-walled carbon nanotubes (MWCNT) in high yields by a facile linker-free deposition route using aqueous suspensions of pre-reduced gold precursors. For the first time, the resulting AuNP-MWCNT hybrid material was employed as catalyst for the hydrogenation of a series of substituted nitroarenes under mild reaction conditions. High catalytic activity with turnover frequencies (TOF) values up to 1200 h -1 were achieved accompanied by a remarkable chemoselectivity. Recyclability tests did neither reveal leaching nor changes in size or oxidation states of the AuNPs. The concomitant presence of Au 0 and Au I accounts for both the superior catalytic performance and the high stability of the hybrid material. Preferential orientation of nitroarenes on the MWCNT surface due to π-π interactions coupled with coulombic contact of the nitro group to the AuNPs most likely explains the high chemoselectivity of the hybrid material, and further underlines the valuable role of MWCNTs for catalytic reactions. * Corresponding authors. Tel: +34 976 73 39 77, E-mail: wmaser@icb.csic.es (WMaser). Tel: +34 976 76-2302/-1187, E-mail: esteban@unizar.es (E.P. Urriolabeitia) Submitted, accepted and published in Materials Today Communications 3, 104-113 (2015); DOI: 10.1016DOI: 10. /j.mtcomm.2015 2 Keywords: Carbon nanotube; Gold nanoparticles; Hybrid materials; Hydrogenation; Nitroarenes
interest. In particular, studies on the use of AuNP-CNT hybrid materials for the hydrogenation of nitroaromatic derivates are still in its infancy [24] . Moreover, to the best of our knowledge, AuNPs hybrid materials comprised of a directly accessible noncoated CNT surface, suitable to elucidate the influence of this "inert" support, have never been employed in these types of technologically relevant catalytic reactions.
Recently, we have reported on the firm attachment of well-dispersed palladium nanoparticles (PdNPs) on multi-walled carbon nanotubes (MWCNTs) by employing facile linker-free methods [25] [26] [27] . The corresponding hybrid material revealed high catalytic activity in Heck and Suzuki C-C coupling reactions, as well as high selectivity in the hydrogenation of different alkenes under very mild conditions. The strong interactions between the PdNPs and the MWCNTs support even favored the reuse of the catalyst. These encouraging findings, which profit from a directly accessible CNT surface obtained through linker-free synthesis protocols, offer promise for the preparation of analogous AuNP-CNT hybrid materials and their use as catalyst in hydrogenation reactions of nitroarenes.
In this work we first will show that a linker-free method can be used to prepare a AuNP-MWCNT hybrid material consisting of AuNPs with sizes between 3 and 10 nm firmly supported on the surface of non-modified pristine MWCNTs. This facil, fast and upscalable preparation method is based on the electrostatic deposition of pre-reduced gold precursors in aqueous solutions onto pristine MWCNTs. Subsequently, we will demonstrate for the first time that the developed AuNP-MWCNT hybrid material with its freely accessible MWCNT surface can be employed as efficient catalyst for the hydrogenation of a series of substituted nitroarenes under mild conditions. Its high activity and chemoselectivity is comparable to AuNPs supported on commonly used metal oxide supports. Finally, by thoroughly characterizing the catalyst before and after Submitted, accepted and published in Materials Today Communications 3, 104-113 (2015) ; DOI: 10.1016/j.mtcomm.2015.02.002
4 the catalytic reactions, we not only will prove its high chemical stability and value for its reuse but also suggest a model explaining the favorable interactions involved in the hydrogenation process and the important role of carbon nanotubes as support material in this catalytic reaction.
Experimental

Materials
MWCNTs were obtained from Nanocyl Co, Belgium (Nanocyl TM NC7000, 90% carbon purity) and used without further treatment. The reagents for the synthesis of the composites such us chloroauric acid (HAuCl 4 ), trisodium citrate (Na 3 C 6 H 5 O 7 ) and sodium borohydride (NaBH 4 ), as well as all nitro compounds for the catalytic experiments, were purchased from various commercial sources and used as received.
Synthesis of the Au-NP/MWCNT hybrid material
A solution of HAuCl 4 in water (5×10 -4 M, 10 mL) was prepared at room temperature in a round bottom flask. A solution of trisodium citrate in water (5×10 -4 M, 10 mL) was added, followed by the dropwise addition of a freshly prepared cold (0 Cº) solution of sodium borohydride in water (0.1 M, 0.6 mL) resulting in a red colored solution. Next, 100 mg of MWCNTs were dispersed in the solution under stirring during 60 minutes at room temperature until complete loss of the red color was observed. The dispersion was vacuum-filtered through a polycarbonate membrane of 0.3 µm pore size, washed with 300 mL of distilled water and dried in an oven at 100 ºC during 24 hours yielding powderous Au-NP/MWCNT hybrid material. Larger amounts were synthesized by upscaling the procedure by a factor of ten employing 100 mL of each solution and 1000 mg of MWCNTs. SO 4 , and filtered. The solvent was evaporated to dryness affording the corresponding aniline as a yellowish material. The AuNPs/MWCNTs material recovered from the centrifuged mixture was washed with water (50 mL), dried in an oven during 24 hours at 100 °C, and used in the next run in recyclability tests performed for the hydrogenation reaction of p-nitrobenzylalcohol under the same conditions.
Characterization
UV-Vis absorption spectra of the AuNP-MWCNT dispersions were recorded at different reaction times in a Shimadzu spectrophotometer using a 1 cm quartz cuvette.
The Au content in the AuNP-MWCNTs material was determined by Inductive Coupled Plasma Spectroscopy (ICPS) using a Jobin-Yvon 2000 Ultrace Analyzer. Powder X-ray diffraction (XRD) measurements were carried out at room temperature on a Bruker D8
Advance diffractometer using a Cu K α X-ray radiation. Size and distribution of AuNPs were studied by transmission electron microscopy (TEM) using a JEOL-2000 FXII were referenced using the solvent signal as internal standard. IR and NMR data were compared with those reported in the bibliography.
Results and Discussion
Synthesis of the AuNP-MWCNT hybrid material
Gaining control on the size and loading of metal nanoparticles, as well as on the interactions between the metal and the carbon support, is key for the development of AuNP-MWCNT hybrid materials offering high catalytic activity through the supported gold nanoparticles. An efficient way to synthesize AuNP-carbon hybrid materials is the preparation of colloidal solutions of AuNPs and its adsorption onto the respective carbon material [6, 28, 29] . With the aim to obtain an AuNP-MWCNT hybrid material consisting of AuNPs directly anchored on a non-coated MWCNT surface freely accessible for catalytic reactions, we employed a very simple yet highly efficient linkerfree synthesis approach. This is based on the the preparation of pre-reduced gold precursors in aqueous solutions, according to a combination of methods reported by
Turkevich [30] and Brust [31] , followed by their subsequent deposition on non- The UV-Vis spectrum of the AuNPs dispersion exhibited the characteristic surface plasmon resonance peak (SPR) at 530 nm whose position depends on the size and shape of the gold nanoparticles [34] . This peak was still visible after 5 minutes of reaction time, thus revealing that most of the gold nanoparticle species were still well stabilized in the suspension. After 15 minutes of reaction time the intensity of the SPR peak The oxidation state of the deposited AuNPs, a critical factor for catalytic reactions was elucidated by XPS studies on freshly prepared AuNP-MWCNT material and after its use as catalyst. Representative XPS spectra are shown in Figure 4 . For all cases, two characteristic bands, corresponding to the 4f 5/2 and 4f 7/2 atomic orbitals, were observed. and major Au 0 phase to the overall composition of the AuNPs, which are stabilized in the solution through complexation of the carboxylate groups of the citrate anions [32] .
Second, in aqueous solution, the positively charged AuNPs and the anionogenic carboxylic groups intrinsically present on the MWCNTs establish an adsorption process driven by long-range electrostatic forces [29] . The minor Au I phase of the deposited AuNPs, which is in close contact with the negatively charged MWCNT surface, thus becomes responsible for the strong non-covalent interaction between the overall AuNPs and the MWCNTs. Consequently, the major part of the freely available AuNP surface relates to the Au 0 phase and would be largely available for catalytic reactions. Profiting from this unique situation, we subsequently tested the synthesized AuNP-MWCNTs material for the first time as catalyst in hydrogenation reactions of different types of nitroarenes and nitroheteroarene compounds.
Catalytic activity of the AuNP/MWCNT hybrid material in hydrogenation reactions of nitroaromatic compounds
The catalytic hydrogenation of nitroaromatic derivatives was performed using low amounts of catalyst (typically between 0.3-0.6 mmol %) in a mixture EtOH/water as solvent. NaBH 4 was chosen as reducing agent due to the extreme simplicity of the Table 1 . A control experiment in the absence of both gold and MWCNTs using p-nitrobenzylalcohol at room temperature showed a low conversion of 9% only.
An additional control experiment with only MWCNTs did not reveal catalytic properties, which also is in agreement with our recent findings on reduced graphene oxide [27] . Table 2 . It should be kept in mind that comparative data are not available for carbon supported AuNPs for this type of reaction and thus have to refer to metal-oxide supported AuNPs (Table 2) .
Prompted by these remarkable results, we used our catalyst for the hydrogenation of However, even using longer reaction times the obtained results in terms of yield of isolated product and selectivity are similar or even improve those obtained by other authors [37] (see Table 2 and Table S1 in Supporting Information). Apparently, our AuNP-MWCNT catalyst provides an optimum ratio between yield and selectivity of the final product, while easy to handle at the same time. Only one case shows slightly higher values, however, on cost of the use of a high pressure of CO [39] . Similarly, 4 hours of reaction time were required to complete conversion of pnitrobenzaldehyde to p-aminobenzaldehyde (entry 11). These results are outstanding in terms of conversion and chemoselectivity, and are truly competitive with the best data recently published (see Table 2 [18] are more efficient in shorter reaction times (Table 2) . Moreover, in spite of the known reactivity of the keto function in aldehydes or ketones towards NaBH 4 , full chemoselectivity was observed [43] . To our delight, the gold catalyst also showed high efficiency for the reduction of of the nitro group affording the expected amino-heterocycles, even using gold catalysts [37] [38] [39] [40] [41] . However, when dealing with thiophene rings this reaction is seldomly used [44] , and the synthesis of aminothiophenes is carried out by other methods [45] [46] [47] [48] . This finding, although preliminary, paves the way to new synthetic pathways for the preparation of interesting intermediates such as aminothiophenes. 
Characterization of AuNP-MWCNT catalyst after the hydrogenation process and recyclability performance
To gain insight into possible leaching or agglomeration effects during the reduction, the AuNP-MWCNT catalyst was characterized after its successful use in several hydrogenations of o-nitrobenzylalcohol carried out under standard conditions (heating at 90 ºC for 0.25h). ICP-AES analysis of the recovered catalyst did not provide any indication for leaching. This observation reveals a strong interaction between the AuNPs and the MWCNT support, which is not easily disrupted even under harsher conditions. We neither could detect any significant changes in size and morphology using TEM (Fig. 5) , which further evidences the successful stabilization of the AuNPs on the MWCNT surface. Moreover, it underlines that a covalent linkage achieved through tedious treatment and functionalization steps of the carbon nanotubes [49] [50] [51] [52] [53] is not required to obtain a favourable interaction between the AuNPs and the MWCNTs. The XPS analyses of the catalysts after the reaction (see Fig. 4b , c) revealed the same Au 0 /Au I ratio as the one of the freshly prepared material (Fig. 4a) , suggesting that the composition of the AuNPs does not change through the catalytic cycle. Once again, the presence of gold atoms with partial positive charge apparently provides a clear 
Mechanism of the catalytic reaction
High catalytic activity of supported AuNPs is considered to be intimately related to a critical range of particle sizes between 3 and 5 nm [4, 6, [54] [55] [56] , but as well as to the support and favorable substrate-support interactions [2, 55] . Since the AuNPs attached should be taken into account to explain the high catalytic activity of the AuNP-MWCNT material. Indeed, it is well known that nitroaromatic π-π interactions with carbon nanotubes are stronger than those of other aromatic compound [57, 58] . The electron rich π-surface of the carbon nanotube can act as electron donor to a strong electron acceptor such as a nitroaromatic compound. Consequently, it is easy to envisage that the interaction of the MWCNT surface with the generated electron-rich aniline is considerably weaker than the one with the corresponding nitro precursor, at least taking into account only the π-π interaction. This contributes to an easy removal of the weakly interacting aniline from the surface of the catalyst facilitating its replacement by another precursor molecule. In this way, undesired accumulations of products are avoided and fast processes and high catalytic activities are enabled.
Furthermore, the high chemoselectivity of our AuNP-MWCNT catalyst most likely also is a direct consequence of the favorable substrate-support interaction [19, 20, 23] . On one hand, the nitroarenes can establish a strong π-π interaction with the MWCNT. On the other hand, additional interactions in the neighborhood of the metallic nanoparticle can be created, for instance between the negatively charged oxygen atoms of the nitro group and the cationic gold atoms present in the AuNP. Taking into account all these considerations we can propose a preferential approximation of the nitroarene to the AuNP, as illustrated in Figure 6 . Here the aromatic ring establishes π-π interactions with 22 the MWCNT surface while the nitro group points to the cationic gold in the AuNP. This preferred orientation of the nitro group, closer to the gold than to the other less polar functional groups, should be the responsible of the observed chemoselectivity. The catalytic cycle can be closed using the well-known interaction between gold and borohydride, studied in-depth due to their promising results in fuel cells [59] , and the subsequent hydrogen transfer from the borohydride to the nitroarene [60] . All these steps likely occur at the surface of the AuNP, where it is assumed that the catalysis takes place [4, 6, [61] [62] [63] . However, it becomes also clear that the carbon nanotubes effectively influence in this type of processes contributing to the high TOF values and high chemoselectivity. Therefore, in contrast to the widely accepted assumption of their role as a merely "inert" support, carbon nanotubes should be considered as "active" part of the catalyst system. 
Conclusions
AuNPs with sizes in the range of 3 to 10 nm have been firmly attached onto nonmodified MWCNTs by a facil, rapid, and linker free synthesis method based on the 
